Monodisperse ensembles of silica nanoparticles can be elegantly synthesized over a wide range of desired sizes using the Stöber synthesis (50-1000 nm) 1 or microemulsion synthesis procedures (e50 nm). 2 Such monodisperse silica spheres have been investigated extensively as model systems to study fundamental colloidal phenomena, such as interparticle interactions, phase equilibriums, and crystallization. 3 In the past decade, silica-based nanoparticles have increasingly been exploited for numerous biomedical and biotechnological applications. Their utility in these fields ranges from (targeted) drug delivery [4] [5] [6] to controlled drug release [7] [8] [9] to gene [10] [11] [12] and protein 13 delivery or as a carrier vehicle for contrast generating materials. In vitro 14, 15 and in vivo 16 fluorescence imaging (FI) as well as in vivo magnetic resonance imaging (MRI) 17, 18 have been performed using silica-based nanoparticles. In addition to carrying contrastgenerating material for a single imaging modality, the ease of incorporation of different chemicals in silica makes it an excellent material for the integration of multiple properties to enable multimodality biomedical imaging. For example, combined FI and MRI have been shown in vitro [19] [20] [21] [22] [23] as well as in vivo. 24, 25 Other promising, silica-based materials for combined FI and MRI, [26] [27] [28] [29] combined FI and computed tomography (CT), 30 MRI and CT, 31 and even FI, MRI, and CT 32 have been reported but have not yet shown their applicability in vitro or in vivo. Moreover, combined diagnostics and therapeutics (theranostics) using silica nanoparticles has been accomplished 33 and demonstrated to be effective in vitro. [34] [35] [36] In addition to the size and composition, the shape and surface properties of silica can be well controlled.
Despite all the aforementioned examples of the utility of silica for biomedical applications, however, a serious draw-back of these inorganic nanoparticles is their inherently low biocompatibility as compared to nanoparticles comprised of naturally occurring molecules, such as liposomes or micelles that are composed of phospholipids. Furthermore, silica dispersions are charge-stabilized through Coulomb repulsion between reduced hydroxyl groups S-O 23 on their surfaces, which poses a limit on their bioapplicability. Especially when administered intravenously, a frequently used route for targeted delivery, rapid silica particle aggregation is observed. 6, 37 This aggregation is accelerated through the absorption of opsonins (markers which enhance endocytosis), which is followed by extravascularisation via the reticuloendothelial system (RES). 6, 38, 39 Consequently, these nanoparticles suffer from poor pharmacokinetics, such as short blood circulation half-life values and accumulation in the lung capillary vessels when administered intravenously. 6, 37 To deal with these limitations, two strategies have been developed aimed at increasing the biocompatibility of silica particles. In the first approach silanols with a short functional group are covalently conjugated to silanol groups on the silica surface, which results in free amine, 40, 41 thiol, carboxyl, 42 carboxylate, or phosphonate 5,43 groups on the particle exterior. In the second approach, which is basically a variation of the first approach, the chemical attachment of silanols conjugated with large molecules, that is, block copolymers, 44 poly(ethylene glycol) (PEG), [45] [46] [47] or phospholipids, 48 is achieved. Although the silica surface might be neutralized by these techniques, both strategies have serious limitations. For instance, short functional groups are easily subject to opsonization 38 and not always stable against aggregation, 5 while the chemical attachment of bulky molecules is likely to result in low-density surface coatings. Furthermore, neither method can be applied generally to other inorganic nanomaterials and, importantly, once these strategies have been applied to render silica particles bioapplicable, their actual in vivo applicability is seldom investigated.
To address these issues we have recently reported a novel method to obtain hydrophobic silica nanoparticles coated with a physically adsorbed (not covalently attached) monolayer of PEGylated phospholipids. Although physically absorbed lipid bilayers on hydrophilic silica particles have been subject to extensive study, 49, 50 lipid monolayers on hydrophobic silica are hardly studied 51 and their ability to render silica particles bioapplicable, and thus to use them as contrast agents or drug delivery systems, is investigated here for the first time. This highly flexible coating method allows, next to the inclusion of PEGylated lipids, the inclusion of many other lipids, for example, paramagnetic lipids for MRI and biofunctional lipids to achieve target specificity. By applying this strategy to quantum dot (QD) containing silica nanoparticles, we were able to create an R v 3 -specific nanoparticle that exhibited both fluorescent and paramagnetic properties. This nanoparticle allowed us to image R v 3 -integrin expression on cultured endothelial cells in vitro using multiple imaging technologies, that is, fluorescence microscopy, FI, and MRI. 52 In the current study we investigated the short-term cytotoxicity and pharmacokinetics (blood circulation halflife value and biodistribution) of paramagnetic and PEGlipid-coated quantum dot containing silica nanoparticles using a wide variety of complementary techniques at different levels, that is, at organ level using MRI, FI, and inductively coupled plasma mass spectrometry (ICP-MS), at tissue and cellular level using confocal scanning laser microscopy (CSLM) and at subcellular or single nanoparticle level using transmission electron microscopy (TEM). The results were compared with those obtained with bare silica nanoparticles (containing QDs but no lipid coating) of the same size.
High-quality single core-shell-shell (CSS) QDs with an average diameter of 7.8 ( 1.0 nm and a quantum efficiency (QE) >55% (λ abs ) 606 nm; λ em ) 623 nm) were synthesized according to the conventional organometallic synthesis route, described in detail elsewhere. 53 The QDs were incorporated in the center of highly monodisperse silica particles with a mean size of 34.3 ( 4.6 nm. These silica particles were made hydrophobic by a condensation reaction of octadecanol (ODOH) on their surfaces. After incorporation, the CSSQDs retained high quantum efficiency (QE) of 35%. 54 For improved bioapplicability and introduction of paramagnetic properties, the hydrophobic silica particles were subsequently coated with equal amounts of both PEGylated and Gd-DTPA-based lipids 52 (see Supporting Information for synthesis details). A schematic representation of these lipidcoated silica particles or Q-SiPaLCs (QD containing silica particles with a paramagnetic lipid coating) is depicted in Figure 1 , together with a TEM image of QD-containing silica particles that were not made hydrophobic and not coated with lipids (inset), to which we will also refer as Q-Si (QD containing silica particles) or bare silica particles throughout the rest of this paper.
Cell viability assays that quantified the amount of surviving cells were subsequently carried out on murine J744A.1 macrophages with different concentrations of lipid-coated or bare silica particles and for varying incubation times (n ) 3 for each point). The tests relied on a cell-permeant reagent which, when coupled to active protease in living cells, generated fluorescence. The signal intensities were quantified with a plate reader. At incubation times of 1 or 3 days with lipid-coated particles, the number of surviving cells was found to be considerably higher as compared to cells incubated with bare silica particles. However no significant difference between lipid-coated or bare particles was observed following 2 h of incubation ( Figure 2 ). Experiments were also repeated with trypan blue (a dye that darkens dead cells) to confirm trends (data not shown). These results indicated that bare silica particles are not acutely toxic but rather cause cell death in the course of days and, importantly, that coating silica particles with a lipid monolayer is an effective way to diminish macrophage cell death. Since macrophages are highly phagocytotic as compared to other cell types, the uptake of the particles is high. Therefore, it may be expected that a better survival rate will be found with nonphagocytotic cell types.
For in vivo studies, 22 C57bl6 mice were included that were injected intravenously with either lipid-coated silica nanoparticles or bare silica nanoparticles via a catheter placed in the tail vein. The animals were housed and maintained at the Mount Sinai Animal Facility. The Mount Sinai School of Medicine Institute of Animal Care and Use Committee approved all experiments.
The blood circulation half-lives of the lipid-coated and bare silica particles were investigated using two different methods. For both methods 14 nmol/kg particles were administered to mice whose hair on their lower limbs had been removed. Blood was drawn sequentially from the saphenous veins before and 5, 20, 60, 120, 240, and 1440 min postinjection of the lipid-coated silica particles. The blood draws for the bare silica particles, which we anticipated to exhibit shorter circulation half-lives, were taken before and 5, 15, 30, 45, 60, 120, and 240 minutes postinjection. Blood (10-20 µL) was collected at each time point and resuspended into preweighed vials containing 80 µL of heparin. The vials were weighed again to determine the volume of blood drawn, taking the density of blood to be 1.05 g/mL. 55 Next, the vials were assessed for cadmium and gadolinium content (the latter only in the case of lipid-coated particles) using ICP-MS (n ) 3 for each particle), while a parallel set of vials, taken at the same time points, was centrifuged to separate red blood cells from blood plasma. The near-transparent and nonadsorbing blood plasma could be investigated using quantitative fluorescence imaging, since the silica nanoparticles carried highly luminescent QDs in their center. To that end, the samples were placed in the Xenogen IVIS 200, excited for 1 min with light filtered by the GFP background band (410-440 nm), while the photon emission was quantitatively recorded between 610 and 630 nm (n ) 2 for each particle). In Figure 3 typical fluorescence images of vials containing plasma samples collected from mice injected with lipid-coated ( Figure 3A ) or bare silica nanoparticles ( Figure 3B ) are depicted. These pictures show the extended fluorescence activity of lipid-coated particle containing plasma in time, compared to bare particle containing plasma, and thus revealed a considerably longer circulation half-life for lipid-coated silica particles in blood. For both analysis methods, that is, cadmium content or photon count analysis, the values were adjusted for the blood volume. Half-lives were determined by monoexponential fitting of the normalized variance of blood cadmium content or photon count over time ( Figure 3C ). The half-lives determined with ICP-MS were 14 ( 2 and 162 ( 34 min for the bare and lipid-coated silica nanoparticles, respectively. The values closely resembled the ones determined by fluorescence imaging, being 18 ( 3 min for bare nanoparticles and 165 ( 28 min for lipid-coated nanoparticles. For comparison we note that in one of the very few in vivo studies with intravenously administered silica particles (600 nm diameter particles in Wistar rats), more than 90% blood clearance of the particles was observed within 30 min. 37 Furthermore, the gadolinium content was determined by ICP-MS for the lipid-coated silica particles, and it was found that the molar Gd/Cd ratio in blood had a constant average value of 2.95 ( 0.34 at all time points postinjection of the particles. Importantly, the ratio was identical to that of the original contrast agent before injection. These results indicate that the lipid coating is robust and that the Gd-DTPA-based lipids do not dissociate from the nanoparticles in the vasculature under physiological conditions.
Gd-DTPA-DSA incorporation in the lipid-coated silica particles enabled dynamic MRI of the aorta using a 9.4 T MRI (n ) 3; Figure 4 ). The longitudinal ionic relaxivity r 1 of the Gd-DTPA-DSA coated particles was found to be 14.4 mM -1 s -1 . 52 Taking into consideration that a 35 nm particle carries approximately 6400 lipid molecules, half of which are Gd-DTPA-DSA, the relaxivity per particle was estimated to be 46000 mM -1 s -1
. Clear enhancement of the vasculature, compared to the prescan, was observed up to at least 2 h postintravenous administration of the contrast agent (45 µmol of Gd/kg), confirming the long-circulation half-life value of the lipid-coated silica particles and demonstrating the effective use of the agent for MRI.
In addition to the circulation half-life, it is important to study the distribution of the silica particles over the different Liver, spleen, kidney, and heart from control mice and mice sacrificed 1, 4, and 24 h postinjection of the nanoparticles were imaged using the Xenogen IVIS 200. The organs were excited for 40 s with light filtered by the DS Red band (500-550 nm), while the photon emission was recorded using a 610-630 nm filter (n ) 2 for each time point and particle). Analysis of the data showed that the fluorescence signal in the liver of mice injected with lipid-coated silica particles increased gradually in time, while negligible fluorescence signal was obtained from spleen, heart, and kidneys ( Figure 5A ). This gradual accumulation (fluorescence intensity from the liver had not reached its maximum value at 4 h postinjection) is in agreement with the long half-life value of the lipid-coated silica particles (∼165 min, see Figure 3 ). In the case of the bare silica particles the fluorescence signal from the liver increased significantly, while spleen, heart, and kidneys signal were negligible. Contrary to the lipid-coated particles, maximum fluorescence signal in the liver was observed as early as 1 h postinjection. Their massive and rapid accumulation in the liver explains their short circulation half-life (∼15 min, see Figure 3 ). In time, fluorescence signal from the liver decreased, indicative of a possible particle clearance. Although liver clearance of bare silica particles is not well understood, it has been observed previously for 50 and 250 nm bare silica particles. 6 Quantitative analysis of the organ distribution of the particles was done by ICP-MS cadmium content determination in organs from control mice and mice sacrificed 1, 4, and 24 h postinjection of the nanoparticles (n ) 1 for each point and particle, Figure 6 ). Cadmium determinations allowed for comparison between the lipid-coated and bare silica particles since both types of particle contain equal amounts of this element, while comparison on the basis of gadolinium would fail due to the absence of Gd-DTPA-DSA lipid on bare silica particles. Similarly to the fluorescence experiments, it was observed that lipid-coated silica particles accumulated gradually in the liver, while negligible amounts of cadmium, and thus contrast agent, were found in the kidneys, lungs, and heart ( Figure 6, panels A and B) . Different from the fluorescence imaging results, the ICP-MS results now also revealed a gradual uptake of lipid-coated particles in the spleen. This discrepancy between the results obtained through fluorescence imaging and ICP-MS was also observed for the bare silica particles and was attributed to the high absorbance of the QD emission by the spleen (which clears and thus contains a high amount of redundant red blood cells). In comparison to the lipid-coated particles, ICP-MS indicated that bare silica particles accumulated within 1 h in liver and spleen and to a higher extent than that observed for the lipid-coated nanoparticles, emphasizing their poor pharmacokinetics and possibly their higher exposure to opsonins (Figure 6 , panels C and D). In addition, these particles were also observed to accumulate in the lungs, to cause breathing problems and to cause liver necrosis ( Figure  1 in Supporting Information). Three (out of 11) mice died after bare silica particles were administered, while no acute adverse effects were observed after the administration of lipid-coated silica particles. Mice injected with lipid-coated silica particles did not show particle accumulation in the lungs and did not suffer from breathing problems or liver necrosis, which demonstrates the effectiveness of the lipid coating in improving silica particle bioapplicability. It must further be noted that only ∼1/3 of the lipid-coated and ∼2/3 of the bare particles were retrieved 24 h postinjection in the analyzed organs. Considering the half-life values (∼165 and ∼15 min, respectively) it is unlikely that the remaining particles were still present in the blood. Previous studies with bare silica particles reported small amounts of the particles (typically <10%) to be present in muscles and bone marrow and 20-40% of the particles in the gastrointestinal tract, urine, and feces (after 24 h), indicative of particle clearance. 6, 37 It remains unclear whether the relatively low recovery for the lipid-coated particles is due to distribution into other (not analyzed) organs or that the lipid-coating facilitates the silica particle clearance after uptake in organs.
The distribution of the nanoparticles at the cellular level was investigated by CSLM ( Figure 7 ). Mice were sacrificed 24 h postinjection of Q-SiPaLCs and Q-Sis and organ sections were taken from the liver, spleen, kidneys, lungs, and heart. The sections were stained for cell nuclei using DAPI (blue), for macrophages using Rat-Anti-Mouse CD68-Alexa-647 (green), and for endothelial cells by intravenous injection of isolectin-Alexa-488 (green) 15 min before sacrifice. 56 Red fluorescence signal originated from the QDs for both the lipid-coated and the bare silica particles. Three fluorescence signals were imaged simultaneously each time, in the course of which the red QD signal and the blue DAPI signal were held constant, but the third signal was recorded with filter sets suited for either endothelial cell or macrophage related fluorescence. Both signals are shown in green in separate sets of CSLM images of organ sections in Figure  7 . The lipid-coated silica particles were clearly visible in liver and spleen ( Figure 7A ). In addition, the lectin stain for endothelium cells marked the vasculature, which was best recognized in the vascular knots observed in the kidneys, indicating glomeruli (capillary tufts specific to kidneys). The macrophage stain further revealed a high degree of colocalization between the nanoparticles and macrophages (or Kupffer cells, the name for macrophages in the liver). Endocytosis of the lipid-coated silica particles, which contained PEGylated lipids, was expected, since a wide range of long-circulating PEGylated particles are eventually taken up by macrophages. 38 Bare silica particles not only were present in liver and spleen but also were observed in the lungs and were established to be widely taken up by macrophages in all of these three organs ( Figure 7B) .
Besides imaging on a macroscopic (entire organs) and microscopic scale (organ tissue sections), the organs were investigated at the nanometer or subcellular level using energy dispersion spectroscopy (EDS) and TEM (Figure 8) . Sections of the organs, from mice sacrificed 24 h postinjection, were fixed in glutaraldehyde and stained with electrondense osmium tetroxide, uranyl acetate, and Reynold's lead citrate. EDS experiments proved the presence of silica particles (Figure 2 in Supporting Information). The TEM experiments not only allowed single silica particle tracking in organs but also revealed important information about the state of the nanoparticles and their subcellular localization. First of all, lipid-coated silica particles were observed to be present in macrophages in liver and spleen and to a small extent in liver hepatocytes. More specifically, the particles were observed to be localized in lysosomal parts of macrophage cells. Thirdly, and of vital importance, we observed that lipid-coated silica particles remained rather welldispersed in the organs, whereas bare silica particles were aggregated to a much larger extent (see the lower row panels for mice injected with bare silica particles). The bare silica particle aggregates were mostly found in or adjacent to vasculature. In the lungs, aggregates were found to block the capillaries. This confirmed that charge stabilized silica suspensions are prone to aggregation under physiological conditions and that they are filtered from the blood in the first capillary bed encountered: the mouse lungs following tail vein injection. 38 The accumulation of bare silica particles in mouse and rat lungs after tail vein injection has been observed previously and was attributed to particle aggregation. 6, 24, 37 Finally, we note that the amount of particle aggregation probably plays a crucial role in the way particles are cleared from organs and the body. Although not studied here, it is possible that well-dispersed particles are better excreted from the body.
In conclusion, we have studied the short-term cytotoxicity (3 days in vitro and 1 day in vivo) and the pharmacokinetics of lipid-coated and bare silica nanoparticles. These bioapplicable particles were prepared using a general and versatile method that we recently developed. The results showed that the PEG-lipid coating increased the blood circulation halflife time of silica particles by a factor of 10 (165 min vs 15 min for lipid-coated or bare silica particles, respectively). This relatively long circulation half-life time as compared to earlier reported values in the order of a few minutes, suffices for most targeting applications of silica-based diagnostics and therapeutics. Furthermore, the lipid coating of silica particles results in a favorable tissue distribution profile as compared to the bare silica particles, as shown at organ level (MRI, FI, and ICP-MS), at tissue level (CSLM) and at cellular or nanoparticle level (TEM). The lipid coating proved effective in preventing silica particles from aggregation, and thereby preventing clogging of capillaries in the lung and liver. Despite the observed and multiple short-term advances of lipid-coated over bare particles, it must be stressed however that the long-term effects or the effects of multiple doses were not investigated in the present study. Nevertheless, this work shows that coating of silica-based nanoparticles with PEG-lipids is an important step toward solving the issue of the bioapplicability of silica particles and makes them promising candidates for drug delivery, gene therapy, and molecular imaging. 
